Gas atomization of polymers by McAvoy, Jon Michael
Retrospective Theses and Dissertations
1997
Gas atomization of polymers
Jon Michael McAvoy
Iowa State University
Follow this and additional works at: http://lib.dr.iastate.edu/rtd
Part of the Other Materials Science and Engineering Commons, and the Polymer and Organic
Materials Commons
This Thesis is brought to you for free and open access by Digital Repository @ Iowa State University. It has been accepted for inclusion in Retrospective
Theses and Dissertations by an authorized administrator of Digital Repository @ Iowa State University. For more information, please contact
digirep@iastate.edu.
Recommended Citation
McAvoy, Jon Michael, "Gas atomization of polymers" (1997). Retrospective Theses and Dissertations. Paper 16992.
Gas atomization of polymers 
by 
Jon Michael McAvoy 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Materials Science and Engineering 
Major Professor: Joshua U. Otaigbe 
Iowa State University 
Ames, Iowa 
1997 
11 
Graduate College 
Iowa State University 
This is to certify that the Master's thesis of 
Jon Michael McAvoy 
has met the thesis requirements of Iowa State University 
Signatures have been redacted for privacy 
111 
for Carlyn, my parents and the Pittsburgh Steelers 
IV 
TABLE OF CONTENTS 
1. INTRODUTION 
1.1. Main Objectives 
1.2. Background 
2. EXPERIMENTAL PROCEDURE 
2.1. Material Selection and Characterization 
2.2. System & Components 
2.3. The Atomization Process 
2.4. High Speed Movie 
3. RESULTS 
3.1. ThermogravimetriclDifferential Thermal Analysis (TGIDTA) 
3.2. Differential Scanning Calorimetry (DSC) 
3.3. ParPhysica Rheometer 
3.4. Dynamic Stress Rheometer (DSR) 
3.5. X-Ray Diffraction 
3.6. Atomization Results 
3.7. High Speed Movie 
4. DISCUSSION 
4.1. Thermal Analysis 
4.2. Rheological Analysis 
4.3. Atomization Results 
5. CONCLUSIONS AND FUTURE WORK 
APPENDIX 
REFERENCES 
1 
1 
3 
6 
6 
22 
29 
37 
38 
38 
40 
42 
44 
48 
54 
82 
86 
86 
87 
88 
90 
93 
98 
v 
ACKNOWLEDGMENTS 
I would like to thank all those who helped me in the completion of my work here 
at Iowa State University. I would especially like to thank the members of my committee, 
Dr. Joshua Otaigbe, Dr. Iver Anderson, and Dr. Shyam Bahadur, for their help and 
guidance throughout my work. I would also like to thank Bob Terpstra, Jason Ting, 
Simon Huss, Lynne Weldon, Krista Briley, Diane Miller, and Dave Emery whose help 
was also greatly appreciated. I would also like to thank Dr. Mufit Akinc, Dr. Valerie 
Sheares, Dr. Scott Chumbley, and again Dr. Shyam Bahadur for graciously allowing me 
the use of their laboratory equipment. 
1 
1. INTRODUCTION 
In the past few decades there has been an increased interest in using polymer powders 
for a variety of applications involving particle sintering, spray coatings, and paint additives. 
With the increased interest in polymer powders, there is a need to develop a method of 
producing large amounts of powder at relatively low costs. Today, commercially produced 
polymer powders are made by either grinding or ball milling extruded polymer pellets, often 
under cryogenic conditions. These methods are both energy intensive and incapable of 
producing spherical, free-flowing polymer powders (see Figure 1.1). Presently, there is no 
method to produce high quality spherically shaped polymer powders from molten polymers. 
The purpose of this research is to develop a method to produce micron-sized high quality 
polymer powders using high pressure gas atomization. The Gas Atomization of Polymers 
(GAP) process will allow the user to control the particle shape, size, and size distribution by 
adjusting very few input parameters, and may open new opportunities to processing of 
polymer blends and alloys. 
To determine the feasibility of gas atomization of engineering plastics, polyethylene 
(PE) was selected as the model material. PE is presently the largest volume plastic used in 
the United States with over 9 x 109 kg produced annually [1]. This large consumption plus 
PE's non-toxicity and excellent mechanical and chemical properties make it an ideal material 
for the atomization research described in this thesis. 
1.1. Main Objectives 
The four main objectives of this research are: 
• To develop a method for the high pressure gas atomization of polymers. 
• To optimize the process control variables. 
• To determine the physical properties of the polymers both before and after atomization. 
• To determine the size, size distribution, and shape of the atomized powders. 
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Figure 1.1. A comparison of commercially ground polymer powders (top) to powders 
produced by gas atomization. Atomized powders are PE 520 atomized at 1050 psi. 
Commercially ground powders courtesy of Allied Signal Incorporated. 
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By addressing these main objectives this research will determine and document the 
effects of high pressure gas atomization on polymeric materials, thus leading to an alternative 
route for producing high-quality polymer powders from the molten state. 
1.2. Background 
The most common polymer fabrication method used today is injection molding. 
Injection molding offers the ability of producing a large volume of parts in relatively short 
cycle times. The process, however, generally requires materials with low viscosity to aid in 
the injection processing. Many of the engineering plastics used today contain rigid 
phenylene groups that create processing problems associated with high viscosity and thermal 
degradation of the material. Polyphenylene oxide (PPO) and polyphenylene sulfide (PPS) 
are two materials that contain these phenylene groups. In order to process these materials, 
flow modifiers must be added prior to processing. The flow modifiers, such as silicone-
based oils, greases, and molybdenum disulfide, can contaminate the final product as well as 
add to the processing costs [1]. These obstacles that continue to plague industry can be 
overcome by powder processing of these materials. Presently, however, there is no such 
method for producing such high quality polymer powders. 
The processing of polymer powders is similar to powder metallurgy methods 
involving solid state compaction and sintering [2]. The compaction process requires high 
compaction pressures, but can be carried out at much lower temperatures than fabrication 
procedures, like injection molding, therefore conserving energy [3]. This is because the 
temperatures needed for processes such as injection molding require the material to be in the 
molten state, while the compaction process can be carried out at temperatures below the melt 
temperature of the material which will be demonstrated later in the experimental section. 
Presently, commercially ground polymer powders are used in numerous applications. 
In one application, the powders are incorporated into paints to influence a variety of 
characteristics. For instance, PE 520 (a polyethylene-based polymer produced by Hoechst 
Celanese, and a material that can be atomized) is used in paints to increase matting effects 
and mar resistance of the painted surface. Other advantages to using powder additives in 
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paints are improved sandability, improved smoothness, improved rheological properties, 
preventing pigment settling, and water repellence [4]. In addition to the advantages listed 
above, polymer powders are environmentally-safe. Most polyethylene-based materials are 
insoluble in water. Therefore, they are attacked very slowly by micro-organisms in water and 
show insignificant biological effects. Also, the eliminability of these materials under the 
conditions of sewage treatment is very good (> 95%) [4]. 
Other applications for the use of polymer powders include compression molding 
(solid state compaction), powder spray coatings, surface modifiers for paper, metal, wood, 
and other polymers, lubricants for deep drawing of sheet metal, improving processing agents 
for rubber mixes, and additives for the paste-type inks used in printing operations such as 
letterpresses [4]. 
The gas atomization process is unique in that it can be used to produce powders from 
materials that cannot presently be made into powders using available methods. The 
previously mentioned Hoechst Celanese material, PE 520, cannot be ground into powder due 
to the waxy nature of the material. This material can be atomized into fine powders with 
particle size ranging from 5-200 Jlm. The gas atomization process also has the potential to be 
used for recycling thermoplastic wastes from other processing methods, like injection 
molding. 
The initial idea for the Gas Atomization of Polymers (GAP) process (U.S Patent 
Pending ISUF No. 2155) came from the working model for the high pressure gas atomization 
of metals [5-8]. The major obstacles to adapting the gas atomization process from metals to 
polymers are the rheological and thermal properties of the materials involved. For example, 
the viscosity of most polymers is much higher than that of metals. Therefore, the process 
design must be such as to be able to atomize the higher viscosity polymeric materials. 
The temperature range in which polymers can be atomized is a major challenge to 
overcome. Unlike metals, polymers have the tendency to degrade above a certain 
temperature, thus drastically limiting the temperature range in which polymers can be 
atomized. Degradation occurs when the chains of the polymer molecule break and begin to 
disassociate, thus resulting in possible hazardous material conditions. During degradation, 
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toxic fumes may be emitted along with the possibility of the material igniting. Heating a 
polymeric material in an inert atmosphere can raise the degradation temperature, but as the 
heating temperature increases, degradation is inevitable. Therefore, the use of high power 
induction heaters, as in metals atomization, is not feasible. The method of heating used in the 
polymer process must also overcome the poor thermal conductivity of polymers due to the 
absence of free electrons within the polymer molecule. 
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2. EXPERIMENTAL PROCEDURE 
2.1. Material Selection and Characterization 
Five PE based materials were selected for characterization. These materials covered 
the broad range of rheological and thermal properties found in PE-based materials. A listing 
of the materials is shown in Table 2.1. Characterization was done to determine the thermal 
and rheological properties of the materials under processing-like conditions. The thermal 
properties were determined by ThermogravimetriclDifferential Thermal Analysis and 
Differential Scanning Calorimetry. Rheological properties were measured by using a 
ParPhysica Rheometer and a Rheometries Dynamic Stress Rheometer. 
2.1.1. ThermogravimetriclDifferential Thermal Analysis 
ThermogravimetriclDifferential Thermal Analysis (TGIDTA) was used to determine 
the thermal properties of the polymers. The TGIDTA measures the mass and enthalpy 
Table 2.1. A listing of the polymers chosen for characterization. 
Material Type Density Molecular Supplier 
(glcm3) Weight (glmol) 
HDPE modified film 0.932 120,000 Paxon Polymer 
(paxon 3205) resm Company 
LDPE low density 0.918 120,000 Viskase 
(petrothane) polyethylene Corporation 
OPTEMA ethylene methyl 0.940 100,000 Exxon 
Copolymer acrylate Chemical 
PE 130 ultra low 0.970 2,000 Hoechst 
molecular weight Celanese Corp. 
PE 
PE520 ultra low 0.920 3,000 Hoechst 
molecular weight Celanese Corp. 
PE 
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change of the sample material versus a reference material over a specific temperature range 
(see Figure 2.1). The measured thermal properties include the melt temperature (Tm), the 
initial degradation temperature, and the degradation temperature. The melt temperature 
corresponds to the temperature at which the sample material undergoes an endothermic 
transition. Here, energy is being absorbed to tum a semicrystalline polymer into a 
completely amorphous polymer. The initial degradation temperature (as used here) is the 
temperature at which the material first experiences a decrease in mass due to thermal 
degradation. The degradation temperature is the temperature at which the material shows a 
50% decrease in mass. For some polymers this occurs shortly after the initial degradation 
temperature (within 100°C), while for others it may take a much longer time (more than 
250°C). This information is vital to determining the temperature range in which the materials 
can be atomized. The thermal properties are also useful in characterizing the materials for 
specific use conditions. It is known that linear PE has a sharp melt point with 70% of the 
crystallinity within the polymer disappearing in a 3-4 °C interval, while branched PE melts 
over a wide temperature range with 60% of its crystallinity disappearing over a 400 C interval 
[9]. An advantage to using the TGIDTA is that it has the capability of heating the material 
under both atmospheric and inert conditions. This is helpful in determining the temperature 
effects of oxidation on heated polymers, since for PE based materials, oxidation leads to 
degradation. 
2.1.2. Differential Scanning Calorimetry 
Additional thermal testing was done by Differential Scanning Calorimetry (DSC). 
The DSC is similar to the TGIDTA in that it measures the response of a sample material over 
a specific temperature range and compares it to the response of a reference material. Unlike 
the TGIDTA, the DSC can cover a wider temperature range (-I 50°C to 500°C), and is, 
therefore, capable of measuring material responses under cryogenic temperatures. The DSC 
measures the power output (watts) and is used to determine the thermal transitions of the 
sample material. 
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Figure 2.1. A typical thermogravimetric/differential thermal analysis (TGIDT A) curve for 
OPTEMA heated in a nitrogen atmosphere. 
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These transitions include the glass transition temperature (Tg), the melt temperature 
(Tm), the degradation temperature, and the crystallization temperature (Tc) (see Figures 2.2, 
2.3). The melt temperature and the glass transition temperature can be described as first and 
second order transitions respectively. A first order transition corresponds to a discontinuity 
in the first derivative of the Gibbs free energy (G) [10, 11]. According to the first law of 
thermodynamics for a reversible, closed system, the Gibbs free energy can be expressed in 
differential form as a function of temperature and pressure, G(T,P), as 
L\G = -SL\T + V L\P (2.1) 
where S is entropy and V is volume. 
Differentiating the free energy with respect to pressure (at constant temperature) 
yields 
(~) =V (2.2) 
which indicates that a first order transition should occur as a discontinuity in volume. 
Taking the second derivative of the free energy with respect to temperature (at 
constant pressure) gives 
(2.3) 
By measunng the heat of crystallization upon cooling (the area under the curve for 
crystallization), and comparing the area to that of a 100% crystalline PE sample, we were 
also able to determine the percent crystallinity of the polymer. Knowing the percent 
crystallinity is vital to understanding the material response to atomization. 
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Figure 2.2. A typical differential scanning calorimetry (DSC) curve showing the glass 
transition temperature (Tg = -22.279°C ) for OPTEMA. 
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Figure 2.3. A differential scanning calorimetry (DSC) curve showing the melt temperature 
(Tm = 12S0C) upon heating from -lSO°C to 230°C and the crystallization temperature (Tc == 
120°C) for PE 130 when cooled from 230°C to 30°C. 
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2.1.3. ParPhysica Rheometer 
Rheology is the science of deformation and flow of matter [1,11-13]. Initial 
rheological testing was done using a ParPhysica Rheometer. The ParPhysica Rheometer is a 
cup and bob rheometer which measures the stress on the bob as it rotates through the molten 
polymer at a given rate (see Figure 2.4). The stress that is developed in the polymer melt 
when layers in a cross section of the material glide along each other is called the shear stress, 
("C). The rate at which the layers are gliding along each other is called the shear rate, (y) [1]. 
The viscosity, (17), is the resistance to flow within a material and is obtained from equation 
2.4, in which both 't and yare known. 
T 
n--
'{ - . 
r 
(2.4) 
Initial rheological testing was done to determine the steady shear viscosity/temperature 
relationship for each material. This was done to determine the crystallization temperature 
(T J for each material. The test was carried out by heating the material to a temperature above 
its Tm and allowing it to cool at a constant shear rate (steady shear). As the material cooled, 
the viscosity increased slightly until it reached its crystallization temperature, where it 
increased sharply (see Figure 2.5). The crystallization temperature is vital to ensure that the 
material does not solidify prior to atomization. 
Secondary testing was done to determine a flow curve for each material. The flow 
curve relates both the viscosity and the shear stress of the material as functions of the shear 
rate [13,17,18]. The data from the flow curve is of prime interest for predicting material 
behavior during processing. The flow curve was determined by first heating the material and 
keeping it at a constant temperature 50°C above the Tm. At this temperature the shear stress 
was then calculated for both increasing and decreasing shear rates. The viscosity of the 
material was then calculated using equation 2.4. The data from the flow curves were used to 
classify the materials as either Newtonian or shear thinning (non-Newtonian). A Newtonian 
liquid has viscosity which is independent of shear rate, while a shear thinning liquid has a 
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Figure 2.4. The two configurations used for the rheological testing. On the left is the 
cup and bob geometry of the ParPhysica Rheometer which rotates at a variable shear rate 
y, and on the right is the parallel plate geometry used in the Dynamic Stress Rheometer 
which rotates at a given angular velocity co. 
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Figure 2.5. Steady shear viscosity versus temperature plots showing the crystallization 
temperatures for PE 520 (top) and OPTEMA (bottom) obtained from the ParPhysica 
Rheometer, Data was obtained by cooling the sample from 150°C to room temperature at 
a constant shear rate (y = 50 S-l), 
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viscosity which varies with the shear rate (see Figure 2.6) [12,13,18]. Due to the cup and 
bob configuration of the ParPhysica Rheometer, the shear thinning melts experienced the 
Weisenberg rod-climbing effect. This occurs when a viscoelastic liquid climbs the stir bar 
(see Figure 2.7) [12,19]. Due to the Weisenberg effect, additional rheological testing had to 
be done using a stress rheometer with rotational parallel plate geometry. 
2.1.4. Dynamic Stress Rheometer 
The additional rheological testing was done using a Rheometrics Dynamic Stress 
Rheometer (DSR) with a parallel plate configuration (see Figure 2.4). It is common practice 
to use the DSR rheometer to measure either the steady state or dynamic properties of polymer 
melts at relatively low rates of deformation. The instrument allows determination of both the 
viscous and elastic parts of the stress tensor. These data are of prime interest for 
understanding the flow of the material and for predicting the material behavior at low rates of 
deformation in processing steps outside the processing equipment [20]. 
The testing was done at the Materials Science Department of the University of 
Minnesota. Dynamic testing is used to separate the viscosity of the material into an elastic 
component and a loss component. This is done by imposing a sinusoidal varying shear field 
on the material and measuring the amplitude of the resulting shear stress along with the 
phase angle between the imposed shear strain and the stress. The test is said to be in the 
"linear viscoelastic" region if the stress is linearly proportional to the imposed strain and the 
stress response is sinusoidal (see Figure 2.8) [21,22]. The small strain dynamic oscillatory 
method provides true material responses that can be used to guide the process development 
efforts [23]. 
The viscoelastic behavior of a melt depends not only on the chemical structure and 
molecular weight distribution of the material, but also on its previous deformation history. 
This prior deforming of the melt is said to cause partial disentanglement of the polymer 
network structure, thus changing the density of the material [24]. 
Three separate tests were performed for each material using the DSR. A dynamic 
frequency sweep, a dynamic stress sweep, and a steady stress sweep were used to determine 
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Figure 2.6. Viscosity and shear stress versus shear rate plots for PE 130 (top) and LDPE 
(bottom) obtained from the DSR. These figures show the Newtonian nature of PE 130 and 
the shear thinning properties ofLDPE. 
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Figure 2.7. The action of Newtonian (left) and Non-Newtonian (right) fluids under 
shearing. The rotating stir rod creates a depression in the Newtonian fluid, while the 
Non-Newtonian fluid experiences a rod-climbing effect known as the Weisenberg Effect. 
These phenomenon are explained by the distinct flow patterns that occur within the fluid. 
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2 
1 
Figure 2.S. The linear viscoelastic stress-strain relationship. This is done by imposing a 
strain (Curve 1) on the material and measuring the stress response (Curve 2). The phase 
angle (8) between the strain and the stress varies with the material. The amplitudes of the 
imposed strain and the resultant stress are yo and 0'0 respectively. 
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material responses under different conditions. The dynamic frequency sweep measures the 
elastic modulus (G') and the loss modulus (Gil) over a range of angular frequencies «(0) (see 
Figure 2.9). The values of G' and Gil are obtained directly from the oscillating stress and 
strain. The relationship is shown below [12, 18-21]. 
The oscillatory stress: 
peak: stress: 
The oscillatory strain: 
peak: strain: 
phase lag: 
G' = 0" coso _0 __
Yo 
Gil = Qosino 
Yo 
0" = O"ocoscot 
0"0 
Y = Yocos(cot-o) 
Yo 
Perfect solid: 0 = 00 
Perfect liquid: 0 = 900 
(2.5) 
(2.6) 
The dynamic stress sweep measures the elastic modulus and the loss modulus over a 
stress range at a constant angular frequency. The test was performed over a stress range from 
63.0 Pa to 6300 Pa for the high molecular weight materials and a range of 0.63 Pa to 6300 
Pa for the low molecular weight materials and at a strain of 1.0%, well below the maximum 
strain (Ym = 20.0%) allowed in the linear viscoelastic region of PE based materials [25]. The 
angular frequency for all tests was kept at a constant 0.63 radls (see Figure 2.10). 
The steady stress sweep can be considered to be a flow curve of the material because it 
relates both the viscosity and the shear stress of the material as functions of the shear rate 
(see Figure 2.6). The stress sweep applies a stress range to the material and modifies the 
related shear rate range to maintain the applied shear stress. The resulting viscosity of the 
material is determined from equation 2.4. The steady stress sweep was performed at three 
different temperatures to determine the temperature dependence of the viscosity. These 
temperatures (150°C, 170°C, and 190°C) were chosen to compare the shear properties with 
.......... 
ro 
& 
b 
'2' 
& 
~ 
104 
1000 
100 
10 
0.01 
----.-- G' 
--III--G" 
.-
~ 
" • 
.. 
0.1 
20 
.. 
• .-
.-
.. 
.. 
.. 
'" J I{ 
~ 
~ 
1 10 100 1000 
Angular Freauencv (radfs) 
Figure 2.9. A dynamic frequency sweep for HDPE obtained from the Rheometries Dynamic 
Stress Rheometer. 
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those in the literature [26]. The sweep was also used to determine viscosity differences 
between atomized materials and unatomized materials. 
The data obtained from the dynamic testing was important for further characterization 
of the materials. Using the data from both the ParPhysica and the DSR Rheometers, we 
were able to characterize the materials as being either high or low viscosity materials. The 
measured low viscosity, Newtonian nature ofPE 130, and PE 520 made them ideal materials 
for the atomization process. The low viscosity of these materials enables them to easily flow 
from the heating zone into the atomization zone. 
2.1.5. X-Ray Diffraction 
Wide angle x-ray diffraction (W AXD) was completed on the atomized polymer 
powders using a Scintag X-Ray Diffractometer. This was done to determine the percent 
crystallinity of the atomized materials following standard procedures. The percent 
crystallinities of the atomized and unatomized materials were previously determined from 
heat of fusion values obtained from the DSC. These values are based on a 100% crystalline 
PE model and since the actual chemical structure of the materials is not known, W AXD was 
done to determine the validity of the previous method. 
2.2. System and Components 
The Gas Atomization of Polymers (GAP) unit is divided into three zones; the heating 
zone, the atomization zone, and the collection zone. The heating zone is comprised of the 
crucible and its components in which the material is heated and prepared for atomization. 
The design of this crucible was a major task in developing the GAP process. The crucible 
was designed to accommodate the thermal and rheological problems encountered when 
working with polymers, such as thermal degradation and high viscosity. 
The crucible was constructed of a 3 in. by lOin. long stainless steel tube of 114 in. 
wall thickness with a 114 in. stainless steel plate welded to one end. At the center of the base 
plate a 3/4 in. hole was drilled and tapped, while the other end of the tube was outside 
threaded to a 112 in. depth. The lid of the crucible was milled out of a 112 in. thick stainless 
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steel plate, and was threaded to match the top of the crucible. A small recess at the top of the 
threads on the lid holds a Viton o-ring, to assure pressure tight conditions (see Figure 2.11). 
Three holes were drilled into the top of the lid and fitted with various pressure tight 
feedthroughs. The largest feedthrough is located in the center of the lid and is used to insert a 
stopper rod into the crucible. This stopper rod connects to a pneumatic actuator above the lid 
of the crucible. The actuator is used to lift and lower the stopper rod. A second feedthrough 
is used for the passage of a stir-bar fitted with two separate blades to allow homogenizing and 
shearing the material. The blades are set to pump the material downward, thus allowing 
more material to contact the walls of the crucible which aids in heating the material. The stir 
bar connects to a 0.13 horsepower motor mounted above the lid of the crucible. The third 
feedthrough is for the insertion of a probe thermocouple. 
On the bottom end of the crucible, a specially designed stainless steel pour tube is 
used to thread into the 3/4 in. hole. The pour tubes were designed to provide a seal with the 
stopper rod and allow flow of the material from the crucible to the atomization zone while 
keeping the material at a near constant temperature. Since stainless steel is a poor thermal 
conductor, the configuration of the pour tube allows the material to remain at a near constant 
temperature and not freeze up before it comes in contact with the cold (-900 C) atomization 
gas. When the high velocity gas flow is started, none of the molten polymer projects into the 
atomization zone (see Figure 2.12). Rather, the melt forms a thin film immediately on exit 
from the pour tube and the film flows radially outward [7]. Because of this phenomenon two 
types of pour tubes were designed. The first pour tubes were designed with a flat bottom, 
thus allowing the material to flow radially outward. These ranged in melt orifice size from 
1/16 in. to 3/16 in. in diameter (see Figure 2.13). The other type of pour tube was designed 
with a 1/8 in. orifice and slits, or "gutters" at the base to direct the melt toward the gas jets. 
This was done to allow the maximum amount of material to come in contact with the 
supersonic gas flow, thus achieving the maximum amount of energy from the system in order 
to produce a greater number of spheres [patent pending]. 
IInlet gas 
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Figure 2.11. A schematic of the crucible and its components. 
25 
Ga 
Melt feed tube Up ~ ~~ 
... : ... ~ 
:::: 
....... 
. ... 
.. .. .. 
.. . . 
. .. .. 
.. . 
. 
Atomization zono 
reclrculatfon flow and 
Initial breakup 
shock-enhanced 
disintegration 
--- .. -
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An 800W/240V band heater is located at the base of the crucible. The type of heater 
used is crucial to the heating process due to the poor thermal conduction of polymers as well 
as their tendency to degrade at elevated temperatures. The heater must heat the material 
uniformly in order to eliminate hot spots within the material, thus reducing the chance for 
thermal degradation. The temperature of the crucible and its components is taken by three 
separate thermocouples (see Figure 2.11). The first thermocouple lies between the band 
heater and the crucible and acts as a temperature control. This controls the output of the band 
heater. The second thermocouple is the probe thermocouple mentioned earlier. This gives a 
reading of the actual temperature of the material in the crucible. The third thermocouple is a 
wire thermocouple placed inside the stopper rod. The bottom of the stopper rod fits against 
pour tube on the bottom of the crucible, and prevents premature flow of the polymer into the 
atomization nozzle. Thus, the wire thermocouple gives the temperature of the material upon 
exit from the crucible. 
Another modification concern is the need to pressurize the crucible. The ability to 
force the viscous polymer from the crucible as well as maintaining an inert atmosphere 
within the crucible is of utmost importance. Near the top of the crucible, two holes were 
drilled into opposing sides and were fitted with 1/4 in. NPT hose barbs. One fitting connects 
to an input nitrogen gas line. The other fitting is connected to a needle valve that leads out to 
an air vent. When the needle valve is open, nitrogen enters the crucible and displaces any 
oxygen in the crucible which exits into the air vent. As we earlier found, an inert atmosphere 
raises the initial degradation temperature, thus allowing a wider temperature range for 
atomization. Once the oxygen is removed from the crucible, the needle valve is closed and 
the nitrogen gas is used to pressurize the crucible. 
The crucible is located above a 112 in. aluminum plate. This plate was designed with 
various holes and recesses for specific functions. It also separates the heating zone from the 
atomization zone. The atomization zone is comprised of the high pressure gas atomization 
(HPGA) nozzle developed by Anderson, Figliola, and Molnar [5], and the atomization 
chamber (see Figure 2.14). Between the crucible and the plate are three ceramic bushings. 
These help prevent heat loss from the crucible to the plate. The pour tube, connected to the 
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bottom of the crucible, is inserted into a hole in the center of the plate and enters the 
atomization nozzle connected to the bottom of the plate (see Figure 2.15). The plate is 
mounted to a 4 ft. x 4 ft. x 10ft. frame constructed of 2 in. angle iron. Connected to the 
bottom of the plate is a 2 ft. x 2 ft. x 6 ft. atomization chamber constructed of 1/2 in. crystal 
clear polycarbonate (Lexan) (see Figures 2.16 and 2.17). The construction of this chamber 
allows for direct real-time observation of the GAP process throughout the atomization 
chamber, a difficult task for metals. 
Attached to the bottom of the atomization chamber is a sheet metal hopper which 
funnels the atomized material into a collection chamber. The collection chamber is also 
constructed of sheet metal and is equipped with an input hole for the material to enter and a 
vent for the atomization gas. Between these two holes is a dividing wall designed to act as a 
barrier for the atomization gas and a collection baffle for separation of the small polymer 
particles which are entrained in the gas stream. 
A high pressure gas system carries the atomization gas from a 6000 psi ultra high 
purity (99.995%) nitrogen gas canister, through a high pressure dome regulator, to the 
atomization nozzle. The gas line is constructed ofthick-walled stainless steel tubing. 
2.3. The Atomization Process 
2.3.1. Crucible Preparation 
With the crucible removed from the atomization unit, the desired pour tube is screwed 
into the bottom of the crucible using the pour tube wrench. The desired amount of polymer 
pellets is weighed and added to the crucible with the stopper rod and pour tube in place. 
After mounting the crucible to the aluminum plate, the lid of the crucible is screwed on and 
tightened with the crucible tightening wrench. The probe thermocouple and the wire 
thermocouple for the stopper rod are then put in place. After connecting the stopper rod to 
the pneumatic actuator, the motorized stir bar is attached to the motor, and the mounting for 
the motor is tightened. The inlet and outlet gas lines are then screwed to the hose barbs on 
the crucible. Finally, the electrical connections for the band heater are connected. 
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10. 1/2" dia. Stopper Rod 
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13. Stainless Steel Nozzle Insert 
14. Atomization Nozzle 
Figure 2.15. A schematic showing the nozzle assembly including location of the crucible 
and pour tube with regards to the atomization nozzle. 
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9. Solenoid Control Box 
Figure 2.16. A schematic of the polymer atomization chamber and components. 
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Figure 2.17. A photograph of the gas atomization of polymers (GAP) unit. 
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2.3.2. Heating 
The band heater is set to a temperature near 1500 C. The temperature control is 
programmed to heat the material at a rate of 100 C/min, and the material remains at this 
temperature for approximately 30 minutes. After this time, the material is near its melting 
point and the mixer is turned on to aid in the melting of the material. Also at this time, the 
crucible input gas is turned on and allowed to run for approximately 5 minutes in order to 
displace any oxygen in the crucible, creating an inert atmosphere. The band heater 
temperature is then increased to approximately 2000 C and is allowed to remain at this 
temperature for 30 minutes. After 30 minutes the band heater temperature is raised to a 
temperature near 2600 C, and remains here until the material inside the crucible reaches the 
desired atomization temperature. 
2.3.3. Atomization 
First, the pneumatic actuator must be pressurized to put pressure on the stopper 
rod/pour tube seal. Then the atomization gas canister is opened, thus allowing the gas to 
flow to a dome regulator. A second atomization gas canister is then opened and controlled 
by a high pressure hand regulator. The hand regulator is set to the desired atomization 
pressure. This amount of pressure enters the opposite end of the dome regulator and pushes 
against a diaphragm within the dome regulator. This allows an equal amount of pressure 
from the atomization gas canister to exit the dome regulator. The gas flows through the high 
pressure tubing to a pneumatic valve just short of the atomization nozzle. A third gas 
canister which was used to produce an inert atmosphere within the crucible is then opened to 
pressurize the crucible to 15 psi. (see Figure 2.18). 
Once the crucible is pressurized, the stopper rod is lifted, allowing the molten 
polymer to flow through the pour tube and into the atomization nozzle. Once the initial 
material flows through the pour tube, the atomization gas is turned on. The gas flows 
through the nozzle by way of twenty gas jets as described elsewhere [8]. The high velocity 
gas hits the molten stream of polymer and atomizes the polymer into tiny particles, forming 
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Step 1. Open the 6000 psi nitrogen allowing the gas to enter the dome load regulator (DLR). 
Step 2. Open the dome load gas cannister allowing the gas to enter the hand load regulator 
(HLR). 
Step 3. Open the HLR to the desired atomization pressure. The desired pressure passes 
through the HLR and enters the DLR where it presses against the dome within the DLR. This 
dome opens under the pressure and allows the desired amount of pressure to flow from the 
6000 psi cannister through the DLR and to the high pressure valve (HP valve). 
Step 4. Open the crucible pressurization gas cannister to the desired pressure to pressurize the 
crucible. 
Step 5. Lift the stopper rod allowing the material within the crucible to flow through the pour 
tube and into the atomization nozzle. Once the material begins to flow through the nozzle the 
HP valve is opened and the atomization gas is applied to the material. 
Figure 2.18. The sequence of events involved in the atomization process. 
35 
a spray of polymer (see Figure 2.19). The atomized material cools instantly and falls through 
the atomization chamber and into the collection chamber. The gas from the atomization 
nozzle flows through the atomization chamber, into the collection chamber, over the baffle, 
and out the air vent. 
After each atomization run, the powder is collected for classification. Two separate 
methods of classification are used. The first method of classification is a particle size 
analysis. After determining the particle size distribution, Scanning Electron Microscopy 
(SEM) is used to determine particle size distributions, sphere to fiber ratios, and particle 
shape. 
The rate at which material can be atomized is highly dependent on the stream size. 
The stream size is controlled by the orifice size of the pour tube. For the 3/16 in. pour tube 
the material flows at a rate of20 g/s. The 1/8 in. diameter pour tube has a flow rate of 10 gis, 
while the 1116 in. diameter pour tube has a flow rate of 3 g/s. 
2.3.4. Atomized Materials 
Two low molecular weight materials, PE 130 and PE 520 have been successfully 
atomized. After some initial atomization runs using the two materials it was found that the 
results of these runs were highly dependent on the stream size, pour tube configuration, and 
atomization temperature, as well as the properties of the material. The resultant polymer 
powders were classified into size distributions and weight percents. In order to optimize the 
results, both materials were atomized at different temperatures in the range from 170°C to 
220°C. This was done to determine the temperature dependence of the particle size 
distribution to determine the optimum temperature window in which the GAP process gives 
the most favorable atomization results. The above temperature range was completed for the 
four pour tubes to determine the effects of pour tube stream size and configuration on the 
size distribution. 
In order to demonstrate the ability of the GAP process to produce polymer blends, 
two different blends were atomized. An equal amount ofPE 130 and PE 520 were mixed and 
atomized over a temperature range covering the optimum range for each material. A mixture 
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Figure 2.19. A photograph of a molten stream of PE 130 before atomization (left) and 
during atomization (right). 
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of PE 130 and ultra-low melting phosphate glass (composition: 33.04SnF2 - 37.28SnO -
5.47PbF2 - 24.22P20 S) was also atomized to determine the ability to atomize a blend of two 
materials with distinct phases. 
2.4. High Speed Movie 
A high speed movie was taken of the atomization process to determine the break up 
dynamics of atomized polymers. PE 520 was atomized using the 118 in. pour tube and the 
118 in. gutter pour tube to determine any differences in the atomization dynamics between the 
two pour tube configurations. The process dynamics were captured using 16mm film at a 
frame rate of 3000 frames per second. 
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3. RESULTS 
3.1. Thermogravimetric/Differential Thermal Analysis 
From the TGIDTA data we obtained values for the melt temperature (T m), the initial 
degradation temperature, and the degradation temperature for the five materials. The testing 
was completed under both inert and oxidizing atmospheres. The material was held in the 
testing atmosphere for 10 minutes and then heated from room temperature to 5000e at a rate 
of 100 e per minute. From this data we were able to determine a temperature range over 
which each material could be atomized without undergoing thermal degradation. The data 
obtained from the TGIDTA is shown in Table 3.1. As previously stated, the melt 
temperature of the material is strongly dependent on its molecular structure. The linear 
nature of HDPE, PE 130, and PE 520 cause them to melt over a small temperature range 
while the slightly branched structure of OPTEMA and LDPE melts over a wider range (see 
Figure 3.1). 
Table 3.1. The thermal data obtained from TGIDTA, DSe, and the ParPhysica Rheometer 
Material Tgl Tm2 Tc Tc Initial Initial Degradation 
(oC) (oC) Physica DSC Degradation Degradation Temperature 
(oC) (oC) Temperature: Temperature: (oC) 
Inert Compressed 
Atmosphere3 Air4 
(oC) (oC) 
HDPE -64 135 130 128 365 270 440 
LDPE -109 105 100 102 305 250 450 
OPTEMA -22 90 80 85 365 270 460 
PE 130 -112 125 110 120 200 200 460 
PE520 -109 120 105 115 220 200 460 
1. The glass transition temperature was found by DSC. 
2. The melt temperature was found by both TGIDTA and DSC. 
3. Nitrogen was used as the inert gas at a flow rate of200 mVmin. 
4. Compressed air was used at a flow rate of200 ml/min to determine the effects of oxidation. 
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Figure 3.1. TGIDTA curves for PE 130 (top) and OPTEMA (bottom). The melt range of 
each material is shown by the DTA curve that starts at a value of 0 11 V and either slowly 
decreases up to the melt temperature (OPTEMA) or remains near constant up to the melt 
temperature where it decreases sharply (PE 130). 
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Heating the material in an oxidizing atmosphere caused a decrease in the initial 
degradation temperature, but had no observable effects on the melt and degradation 
temperatures. For OPTEMA and HDPE the oxidizing atmosphere caused the initial 
degradation temperature to decrease from 365°C to 270°C, while for PE 130 and PE 520 it 
decreased little if any. 
3.2. Differential Scanning Calorimetry (DSC) 
From the DSC analysis we obtained values for the glass transition temperature (Tg), 
the melt temperature (Tm), the crystallization temperature (TJ, and the percent crystallinity. 
The glass transition temperature was found by first cooling the material from room 
temperature to -150°C, and then heating the material to 30°C at a rate of 10°C per minute in a 
nitrogen atmosphere. The glass transition was determined by the inflection point of the curve 
(see Figure 3.2). The test was also performed for the atomized materials to determine the 
effects ofthe atomization process on the glass transition temperature. As shown in Table 3.2, 
there was no difference in the glass transition temperature for the atomized materials denoted 
with an 'A' following the material name. 
Table 3.2. Differential Scanning Calorimetry comparison of atomized and unatomized 
materials. 
Material Tg Tm Heat of Heat of Heat of Percent 
(oC) (oC) Fusion Crystallization Crystallization! Crystallinity 
(mJ/mg) (mJ/mg) (mJ/mg) 
{Atomization 100% {Atomization 
Temperature} Crystalline PE Temperature} 
1700 C 2200 C (Orthorhombic) 1700 C 2200 C 
PE 130 -112 125 209.1 210.4 210.4 245.2 85.8% 85.8% 
PE 130A -110 125 200.2 183.8 189.1 245.2 75.0% 77.1% 
PE520 -109 120 191.4 150.3 150.3 245.2 61.3% 61.3% 
PE520A -108 120 142.0 129.5 137.6 245.2 52.8% 56.1% 
1. The value for the 100% Crystalline PE was taken from the Polymer Handbook 2nd Edition [26]. 
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Figure 3.2. A differential scanning calorimetry curve showing the glass transition 
temperature (Tg = -112.6) for PE 130. 
42 
The melt temperature was found by heating the material from -ISO°C to 230°C in a 
nitrogen atmosphere at a rate of 10°C per minute. The onset of the melt transition was taken 
as the melt temperature (see Figure 3.3). The melt temperatures are shown in Table 3.1. 
Melt transition temperatures for the atomized materials were also determined. There was no 
change in melt temperature, but the heat of fusion values decreased for the atomized 
materials. The heat of fusion values were determined by calculating the area under the melt 
transition curve. Values of the energy required for the melt transitions are shown in Table 
3.2. 
The crystallization temperature was determined by cooling the material from 230°C to 
30°C in a nitrogen atmosphere at a rate of 10°C per minute. The crystallization temperature 
was taken as the onset of the crystallization curve (see Figure 3.3). The crystallization 
temperatures for all the materials were on the order of SoC lower than the melt temperatures 
as shown in Table 3.1. From the area under the crystallization curve, the heat of 
crystallization was also determined for materials atomized at 170°C and 220°C to determine 
the effect of quenching on the percent crystallinity. The heat of crystallization for the 
atomized materials was lower than that for the unatomized materials. By comparing the heat 
of crystallization values to that of 100% crystalline orthorhombic PE, we were able to 
determine the percent crystallinity of the material. Therefore, the lower heat of fusion values 
for the atomized materials leads to them having a lower percent crystallinity than the 
unatomized material. The heat of fusion and percent crystallinity differences are shown in 
Table 3.2. 
3.3. ParPhysica Rheometer 
From the ParPhysica Rheometer data we were able to develop the steady shear 
viscosity/temperature relationship as well as a flow curve for each material. The 
viscosity/temperature data was used to determine the crystallization temperature for each 
material. By knowing the crystallization temperature as well as the initial degradation 
temperature for each material we were able to determine the temperature range in which that 
material could be atomized. The testing was done by heating the material to a temperature of 
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60°C past the melt temperature, holding the material at this temperature for three minutes to 
homogenize the melt, and then allowing the material to cool under a constant shear rate of 50 
lis. When determining the temperature range for atomization we had to account for the 
temperature drop experienced by the material when it came in contact with the cold (-40°C) 
atomization gas. Therefore, even though the lowest crystallization temperature was 80°C 
(OPTEMA) we decided to use a temperature range from 170°C to 220 °C to avoid premature 
solidification of the material prior to atomization. The data from the steady shear 
viscosity/temperature analysis is shown in Table 3.3. 
The flow curve was determined by measuring the shear stress over a range of shear 
rates. The viscosity was then calculated as previously described. The measurements were 
carried out by first heating the material to 200°C, then ramping the shear rate from 0 to 50 S-I 
at a rate of lOs-I and holding it there for two minutes to homogenize the material before 
reducing the shear rate back to lOs-I in lOs-I increments. The shear rate was then ramped to 
500 S-I over 30 minutes and held there for two minutes before reducing the shear rate back to 
10 S-I over the same time frame to check for any hysteresis (see Figure 3.4). 
From the flow curve data we were able to classify the materials as being either shear 
thinning (HDPE, LDPE, OPTEMA), or Newtonian (PE 130, PE 520). The flow curve data 
were also used to classify the materials as having high or low viscosity «1 Pa s). Due to the 
cup and bob configuration of the ParPhysica Rheometer, the shear thinning materials began 
to climb up the bob at high shear rates. This rod climbing effect is called the Weisenberg 
Effect (see Figure 2.7). Because of this problem, additional rheological testing was 
performed using a stress rheometer with a parallel plate configuration under small-strain 
oscillatory shear flow conditions. The data from the flow curve is shown in Table 3.3. 
3.4. Dynamic Stress Rheometer 
Three different tests were done using the DSR. The first test was a dynamic 
frequency sweep. The elastic modulus, G', and the loss modulus, G", were measured over a 
specified frequency range (see Figure 3.5 ). The test was performed over a frequency range 
from 0.05 radls to 500.0 radls for the high viscosity materials, and a range of 0.10 radls to 
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Figure 3.4. Flow curves obtained for OPTEMA (top) and PE 130 (bottom). Note the 
difference in the response to increasing shear rate for the shear thinning material (OPTEMA) 
and the Newtonian material (PE 130). 
,........ 
!'I:I 
& 
tJ 
'CiS' 
& 
~ 
104 
1000 
100 
10 
0.01 
-'--G' 
--"--G" 
" ~ 
~ 
• 
, 
0.1 
46 
.. 
• 
" , 
.. 
.. 
.. 
'" J 
I( 
~ 
~ 
1 10 100 1000 
Angular FreQuencv (radls) 
Figure 3.5. A dynamic frequency sweep for HDPE obtained from the Rheometries Dynamic 
Stress Rheometer. Notice that the storage modulus (G') is more dependent on the angular 
frequency than the loss modulus (G"). 
47 
100.0 radls for the low viscosity materials at three different temperatures. The shear 
properties of the samples at 150°C, 170°C, and 190°C were determined. These temperatures 
were chosen to compare the shear properties with those in the literature and to asses the 
viscoelasticity of the materials [27]. The dynamic moduli, G' and G", were measurable for 
the high viscosity, non-Newtonian materials, but not for the low viscosity materials, which is 
expected of a Newtonian fluid. For the non-Newtonian materials we found that the elastic 
modulus, G', was more sensitive to the applied stress than the loss modulus, G", which 
Utracki and Schlund found for linear low density polyethlyenes [20,28]. 
Table 3.3. Rheological data obtained from the ParPhysica and Dynamic Stress Rheometers. 
Material Viscosity (Pa s) Viscosity (Pa s) Dynamic Moduli Newtonian I 
ParPhysica DSR NonNewtonian 
G' (Pa) G" (Pa) 
HDPE 1.0 x 102 6.0 X 103 1.0 X 103 2.0 X 103 NonNewtonian 
LDPE 1.0 x 102 6.0 X 104 7.0 X 103 9.0 X 103 NonNewtonian 
OPTEMA 1.0 x 102 2.0x 104 4.0x 103 6.0 X 103 NonNewtonian 
PE 130 2.2 x 10-1 1.8 X 10-1 na. na. Newtonian 
PE 130A 2.2 x 10-1 1.5 X 10-1 na. na. Newtonian 
PE520 3.8 x 10-1 2.9 X 10-1 na. na. Newtonian 
PE520A 3.2 x 10-1 2.5 X 10-1 na. na. Newtonian 
A dynamic stress sweep was performed to determine the response of the dynamic 
moduli in the linear viscoelastic region. The test was performed over a stress range from 
63.0 Pa to 6300 Pa for the high molecular weight materials and a range of 0.63 Pa to 6300 
Pa for the low molecular weight materials, while the angular frequency for all tests was kept 
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at a constant 0.63 radls (see Figure 3.6). The data from the dynamic stress sweep are shown 
in Table 3.3. 
A steady stress sweep was performed to determine the viscosity and shear stress 
dependence on shear rate. The stress sweep applies a stress range to the material and modifies 
the related shear rate range to achieve the applied shear stress. The sweep was performed 
over a stress range of 630 Pa to 6300 Pa for the high viscosity materials and a range of 0.63 
Pa to 6300 Pa for the low viscosity materials. Three different temperatures (150°C, 170°C, 
190°C) were used to determine the viscosity dependence on temperature. The viscosity of all 
the materials dropped as temperature increased (see Figure 3.7). 
The steady stress sweep was also performed on atomized PE 130 and PE 520 to 
determine the effects of atomization on material viscosity. For both PE 130 and PE 520, the 
viscosity was lower for the atomized materials (see Figure 3.8). The lower viscosity can be 
related to a lower viscosity average molecular weight by the Mark-Houwink-Sakurada 
equation which relates the intrinsic viscosity, [1]], to the viscosity average molecular weight, 
Mv [10]. 
(where 'a' and 'K' are constants) (3.1) 
Although the intrinsic viscosity is used for a polymer in solution, the above relationship can 
be used to understand the viscosity dependence on the molecular weight. 
3.5. X-Ray Diffraction (XRD) 
Wide angle X-ray diffraction (W AXD) was performed on the atomized powders to 
determine percent crystallinity. From the W AXD test, two large peaks at theta (28) equal to 
21 ° and 24° were observed. The first peak corresponds to the (110) plane in the polyethylene 
orthorhombic crystal structure, while the second peak is due to the (200) plane [29]. In order 
to determine the percent crystallinity, the baseline data was first subtracted, then the total area 
of both the amorphous scattering and the crystalline diffraction peaks were measured (see 
Figures 3.9). The area under the crystalline peaks was measured and then divided by 
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Figure 3.6. A dynamic stress sweep for HDPE obtained from the Rheometrics Dyaminc 
Stress Rheometer. Notice that the storage modulus (G') begins to drop at high stresses while 
the loss modulus (G") does not. 
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Figure 3.7. The steady stress sweep showing the viscosity dependence on temperature for 
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Figure 3.9. X-ray diffraction data obtained for PE 130 (top) and PE 520 (bottom). The data 
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within the XRD patterns. 
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the total area to determine the percent crystallinity of the material. Since the W AXD value 
for the percent crystallinity was determined directly from the polymer without calculating 
theoretical values, this value is considered to be more accurate when discrepancies occur in 
the percent crystallinity values obtained from either the DSC heat of fusion data, or 
theoretical assessment. Theoretically, the percent crystallinity can be determined from the 
densities of the 100% crystalline sample (Pc), the 100% amorphous sample (Pa), and the 
material to be determined (Pi). The relationship is shown in equation 3.2 [10]. 
P C 11·· Pi - Pa 100 ercent rysta Imty = x 
Pc -Pa 
(3.2) 
The comparison of the various percent crystallinity values is shown is Table 3.4. 
Table 3.4. The percent crystallinity values obtained from various methods. 
Material DSC XRD Theoretical Supplier Data 
Percent Percent Percent Percent 
Crystallinity Crystallinity Crystallinity Crystallinity 
(Atomization 
Temperature) 
170°C 220°C 
PE 130 85.8% 85.8% na. 1 79.3% 85.2% 
PE 130A 75.0% 77.1% 83.7% na.2 na.3 
PE520 63.1% 63.1% na. 1 51.7% 62.4% 
PE 520A 52.8% 56.1% 58.6% na.2 na.3 
1. The XRD data was obtained only for the atomized materials because we were not able to 
produce micron sized powders of the unatomized materials. 
2. The density of the atomized material is unknown. 
3. The data obtained from the supplier was for the unatomized material. 
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3.6. Atomization Results 
3.6.1. Particle Sieving 
After each atomization run, the polymer powder was collected and weighed. The 
total weight of the powder was divided by the initial weight of the polymer pellets to obtain 
the percent yield of the run. The powder was then added to a series of five wire sieves; 
600!J.m, 295!J.m, 150!J.m, 106!J.m, and 53!J.m. The sieves were placed on a Ro-Tap Sifter for 
30 minutes. The powder was then collected from each sieve and weighed. The weight of the 
powder from each sieve was divided by the total weight of the powder to give the weight 
percent of each size distribution. 
The following atomization results gave weight percents for five of the six particle size 
distributions. The make up of the largest size distribution ( >600!J.m) varied from a complex 
network oflarge polymer fibers for PE 520 to solid globs of unatomized material for PE 130. 
Because the material in this region contains no polymer powders, its contents are discarded 
and not used for calculating the overall percent yield of the atomization run. The data for all 
the atomization runs are shown in the APPENDIX. 
Our goal in determining the effects of both stream size and atomization temperature 
on the particle size distribution was to maximize the smallest size distribution «53!J.m). 
Many of the previously mentioned applications for polymer powders require powders less 
than I0011m in diameter, therefore maximizing the amount of powders produced with a 
particle diameter less than 5311m would make the process an ideal method for producing 
polymer powders for numerous applications. 
3.6.2. Atomized Materials 
The particle size analysis was first carried out for PE 130 using the 3/16 in. pour tube 
from 170°C to 220 DC. The average percent yield for these runs was 63.0%. The maximum 
percent yield occurred over a range of 195°C to 205°C. Within this range, the maximum 
weight percent for the smallest size distribution (9.3%) was also obtained (see Figure 3.10). 
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Figure 3.10. The weight percents for PE 130 atomized at three different temperatures using 
the 3/16 in. pour tube. 
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Using the 118 in. pour tube over the same temperature range, we obtained an average 
percent yield of 85.2%. The maximum percent yield occurred within the temperature range 
from 185°C to 205°C. In this range we also obtained the maximum weight percent for the 
smallest size distributipn, which was 13.3% at 205°C (see Figure 3.11). 
The 1116 in. pour tube was used from a temperature range of 180°C to 220°C. A 
smaller temperature range was used because the data obtained from earlier runs showed 
unfavorable results below 180°C. The average percent yield of these runs was 72.8%. The 
maximum weight percent for the smallest size distribution was 10.0% at 195°C (see Figure 
3.12). 
The results for the atomization runs using the three flat bottomed pour tubes were 
compared for all the size distributions. The highest percent yield as well as the highest 
overall weight percent for the <531lm size distribution was obtained from the 1/8 in. pour 
tube (see Figure 3.13). The optimum temperature window to atomize PE 130 was 
determined to be within the range from 195°C to 205°C. 
The first particle size analysis of PE 520 was carried out by using the 3/16 in. pour 
tube over a temperature range from 170°C to 220°C. The average percent yield for these 
runs was 43.3%. The percent yield of these runs remained constant until 220°C where it 
reached a maximum of 55.2%. The maximum weight percent for the less than 531lm particle 
size was 2.0%, which was obtained at 220°C (see Figure 3.14). 
Using the 1/8 in. pour tube over the same temperature range, we obtained an average 
percent yield of 58.0%. The maximum percent yield occurred within the temperature range 
from 205°C to 215°C. Like the 3/16 in. pour tube, the maximum weight percent for the 
smallest size distribution, was found at 220°C where it was 2.4% (see Figure 3.15). 
The 1116 in. pour tube was used to atomize PE 520 from a temperature range from 
170°C to 220°C. The full temperature range was used because below 220°C the data 
obtained from the earlier runs showed similar results. The average percent yield of these 
runs was 32.6%. The maximum weight percent for the smallest size distribution was 4.4% at 
215°C (see Figure 3.16). 
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Figure 3.11. Weight percents for PE 130 atomized at three temperatures using the 1/8 in. 
pour tube. 
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Figure 3.12. Weight percents for PE 130 atomized at three temperatures using the 1116 in. 
pour tube. 
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Figure 3.13. Weight percents for PE 130 atomized with the three pour tube sizes at a 
temperature of 205°C. 
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Figure 3.14. Weight percents for PE 520 atomized at three temperatures using the 1116 in. 
pour tube. 
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Figure 3.15. Weight percents for PE 520 atomized at three temperatures using the 1/8 in. 
pour tube. 
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Figure 3.16. Weight percents for PE 520 atomized at three temperatures using the 3/16 in. 
pour tube. 
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The results for the atomization runs for PE 520 using the three flat bottomed pour 
tubes were compared for all the size distributions. The highest percent yield was obtained 
from the 1/8 in. pour tube, but the highest weight percent for 53Jlm or less was obtained from 
the 1/16 in. pour tube (see Figure 3.17). The optimum temperature window to atomize PE 
520 was determined to be within the range from 215°C to 220°C. 
The results for PE 130 and PE 520 using the flat bottomed pour tubes are quite 
different. PE 130 has a much higher average percent yield than PE 520. PE 130 also has 
higher weight percents for the smaller particle sizes (see Figure 3.18). The size distribution 
we had hoped for would start high at the smallest particle sizes and then decreased as the 
particle size increased. Therefore, both materials were again atomized using the gutter pour 
tube to make the atomization process more energy intensive and possibly change the 
distribution curve to a more favorable one. 
Both PE 130 and PE 520 were atomized using the 1/8 in. gutter pour tube at 205°C 
and 220°C. These temperatures were chosen because they were the optimum temperatures 
for atomizing PE 130 and PE 520 using the flat bottomed pour tubes. The gutter pour tube 
had little effect on the size distribution for PE 130 (see Figure 3.19). It did, however, effect 
the make up of the smaller particles which will be discussed in the next section. U sing the 
gutter pour tube did change the size distribution of PE 520, however. The smallest size 
distribution increased from 2.4 to 6.5 weight percent with an atomization temperature of 
220°C. The largest drop in weight percent occurred in the 295Jlm - 600Jlm particle size (see 
Figure 3.20). Another sample of PE 520 was atomized using the 1/8 in. gutter pour tube. 
For this run the gutters of the pour tube were aligned directly off line with the jets of the 
HPGA atomization nozzle. This was done to determine the effects of positioning the gutter 
pour tube to produce a different sphere to fiber ratio. The sphere to fiber ratio was 
determined by first calculating the volume occupied by both spheres and fibers, and then 
dividing these values by the total material volume to obtain a percent volume for both 
spheres and fibers. The values for the percent volumes were compared to determine the 
sphere to fiber ratio. The offset test was performed at an atomization temperature of 220°C. 
The results of the test showed that when atomizing streams of molten polymer rather than a 
64 
90 
111116 in. 
80 
.118 in. 
133/16 in. 
70 
1:: 
60 
Q) 
C,) 
I-< 50 Q) Il-. 
l:l 
00 40 .-Q) 
~ 
30 
20 
10 
0 
<53 53-106 106-150 150-295 295+ 
Microns 
Figure 3.17. Weight percents for PE 520 atomized with the three pour tube sizes at a 
temperature of 205°C. 
.' 
65 
40 
.PE 130 
35 .PE 520 
30 
1:: 25 CI) 
~ 
CI) 
~ 
1:: 20 
00 
.-~ 15 
10 
5 
0 
<53 53-106 106-150 150-295 295+ 
Microns 
Figure 3.18. A comparison of the best overall weight percents obtained for PE 130 (205°C) 
and PE 520 (220°C) using the 118 in. pour tube. 
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Figure 3.19. A comparison of weight percents for PE 130 atomized using the 118 in. pour 
tube and the 118 in. gutter pour tube at a temperature of 205°C. 
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Figure 3.20. A comparison of weight percents for PE 520 atomized using the 1/8 in. pour 
tube and the 1/8 in. gutter pour tube both on line and off line at a temperature of 220°C. 
68 
thin film, the streams must be aligned to allow direct contact with the gas jets, otherwise a 
disadvantageous particle size distribution will occur (see Figure 3.20). 
The ability to produce solid state compacted polymer products was determined by 
compression molding of the atomized powders. A Wabash compression molder was used to 
compress the powders into a six inch diameter disk. The powders were compressed at a 
temperature of 100°C (20°C below the melt temperature), and a pressure of 9,000 psi for one 
hour. The powders did not, however, compress uniformly. At the center of the disk, the 
powders were compacted, but the outer regions consisted of loose, uncompacted powders 
(see Figure 3.21). This can be attributed to a number of conditions, including the loading 
procedure, temperature gradients within the mold, and uneven pressure across the mold 
surface. To obtain uniform compaction, the molding conditions must be optimized. 
3.6.3. Atomized Blends 
A mixture of PE 130 and PE 520 was atomized to determine the feasibility of 
atomizing polymer blends. The mixture was atomized using the 118 in. gutter pour tube at 
temperatures of 205°C and 220°C. The atomization results showed that the particle size 
distribution of the blend was similar to that of PE 130 (see Figure 3.22). The average 
percent yield of the blends was 75.7%, closer to the percent yield of PE 130 (82.1%) than 
that ofPE 520 (64.8%). 
A mixture of PE 130 and ultra-low melting phosphate glass was atomized using the 
3/16 in. pour tube at a temperature of 205°C. The results showed a particle size distribution 
much better than that of PE 130 alone (see Figure 3.23). The percent yield of the 
atomization run was also higher than PE 130 alone (72.9% compared to 63.0%). 
3.6.4. Scanning Electron Microscopy (SEM) 
After the polymer powders were divided into the various size distributions, they were 
observed under the Scanning Electron Microscope. A random sample of powder from each 
size distribution was taken for observation. Because the SEM needs scattered electrons to 
find an image, the material must be conductive. Since polymers are not naturally conductive, 
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Figure 3.21. The above photo is PE 130 compressed at 100°C and a pressure of 9,000 
pounds for one hour. Note the difference in contrast of the center of the sample to the outer 
regions. The center is where the material is well compacted and the outer regions are where 
loose powders remain. The scale shown above is in inches. 
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Figure 3.22. A comparison of the weight percents for PE 130, PE 520, and a 50/50 blend of 
the two materials atomized using the 1/8 in. gutter pour tube at a temperature of 220°C. 
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Figure 3.23. A comparison of the weight percents of PE 130 and the PE 130/phosphate 
glass blend atomized using the 3/16 in. pour tube at a temperature of 205°C. 
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they must be made conductive by sputtering. The sputtering process coats the polymer 
powders with a thin layer of gold, thus making them conductive. This must be done very 
carefully in order to ensure that the material remains in the atomized state. Therefore, shorter 
sputtering times, and lower induction currents are used. 
The images obtained from SEM were used to determine the particle shape of the 
polymer powders as well as the mean particle size of each size distribution by means of the 
NIH IMAGE 1.52 image analysis software. The mean particle size was determined from 
the average particle size of four SEM photos taken of each size distribution. The values for 
the mean particle sizes were then averaged to determine an overall mean particle size for each 
size distribution. 
The particle shape is highly dependent on atomization pressure and stream size. It is 
not, however, dependent on temperature. Unsieved PE 520 atomized in a 3/16 in. stream at 
300 psi contains large elongated spheres within a network of fibers, while the same material 
atomized in a 3/16 in. stream at 1050 psi contains several much smaller spheres in a network 
offibers (see Figure 3.24). 
Looking at the various size distributions, we see a difference in the particle shape and 
in the sphere to fiber ratio. Atomized PE 520 taken from the 600Jlm sieve contains mostly 
large entanglements of fibers, while material taken from the 295Jlm sieve contains groups of 
spheres clinging to one another and fewer fibers. (see Figure 3.25) As the particle size 
distribution drops so does the amount of fibers, until virtually no fibers are present (see 
Figure 3.26). The sphere to fiber ratio of the various size distributions depends highly on the 
stream size. The lowest sphere to fiber ratio (1 :4) was obtained from PE 520 atomized using 
the 1116 in. stream size. Atomization with a 1/8 in. stream produced the most favorable 
sphere to fiber ratio of 7:3, while atomization with a 3116 in. stream produced a ratio of 3:2. 
Since the structural make up of the material within each size distribution does not change 
with stream size, the ratios are most affected by the amount of material contained in each of 
the size distributions. 
Atomized PE 130 contains fewer fibers than PE 520. Material taken from the 600Jlm 
IS unatomized PE 130 that exited the crucible before the atomization gas was turned 
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Figure 3.24. SEM photos of PE 520 taken from the collection chamber after atomization at 
300 psi (top) and 1050 psi (bottom). 
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Figure 3.25. A comparison of material obtained from particle sieving of atomized PE 520. 
The top photo is of material taken from the 600Jlm sieve, while the bottom photo is of 
material taken from the 295Jlm sieve. 
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Figure 3.26. For PE 520 the amount of fibers present in each size distribution decreases with 
decreasing particle size. The top photo is of material taken from the 1061lm sieve while the 
bottom photo is of material taken from the 531lm sieve. 
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on. The material from the 2951lm sieve contains mostly groups of spheres and few fibers As 
the particle size drops we see more short fibers, or whiskers. Whiskers can be defined as 
polymer fiber less than IOOllm in length with a diameter of less than IOllm. The aspect ratio 
(length/diameter) of the whiskers varies from 10 (l0Ilml1Jlm) to 100 (1 OllmlO. 1 11m) (see 
Figure 3.27). Like PE 520, the sphere to fiber ratio for PE 130 depends highly on the 
atomization stream size. For a 1/16 in. stream of atomized PE 130, the sphere to fiber ratio 
is 2:3, while for a 3/16 in. stream it is 4:1. The best sphere to fiber ratio comes from using a 
118 in. stream, where the ratio is 17:3, or 85% of the atomized material is spherodized. A 
comparison of the sphere to fiber ratios for PE 130 and PE 520 is shown in Table 3.5. 
Table 3.5. Sphere to fiber ratios for PE 130 and PE 520. 
Material 1116 in. Stream 118 in. Stream 3/16 in. Stream 118 in. Gutter 
Sphere:Fiber Sphere:Fiber Sphere:Fiber Sphere:Fiber 
PE 130 2:3 17:3 4:1 17:3 
PE520 1:4 7:3 3:2 4:1 
Atomization of PE 520 using the 118 in. gutter pour tube changed the sphere to fiber 
ratio from 7:3 to 4: 1. Although the ratios are similar, the diameter of the fibers obtained from 
the gutter pour tube were smaller (1.0Ilm) than those obtained from the flat bottomed pour 
tube (2.0-4.0Ilm) (see Figure 3.28). Using the gutter pour tube to atomize PE 130 had no 
effect on the sphere to fiber ratio, but it did affect the amount of whiskers produced. The 
smaller particle sizes did not contain as many whiskers as before (see Figure 3.29). 
The atomized blend of PE 130 and ultra-low melting phosphate glass contained much 
more fibers than PE 130 alone. The material taken from the 2951lm sieve consisted of many 
fibers with very large aspect ratios (length / diameter). These fibers were several hundred 
microns in length with an average diameter of 111m (see Figure 3.30). It was determined, 
with electron back scattering, that these fibers contained large amount of phosphorous. In 
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Figure 3.27. The above photos are of atomized PE 130. The top photo is of material taken 
from the 1061lm sieve. The bottom photo is of material from the smallest size distribution 
« 53Ilm). Note that as the particle size decreases, the amount of whiskers increases as 
shown by the bottom photo. 
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Figure 3.28. A comparison of the effects of the gutter pour tube on PE 520. The top photo 
is of PE 520 atomized using the 118 in. flat bottomed pour tube. The bottom photo is of PE 
520 atomized using the 118 in. gutter pour tube. 
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Figure 3.29. A comparison of the effects of the gutter pour tube on PE 130. The top photo is 
of PE 130 atomized using the 1/8 in. flat bottomed pour tube. The bottom photo is of PE 
130 atomized using the 118 in. gutter pour tube which produces fewer whiskers. 
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Figure 3.30. The above photos are of the atomized PE 130/phosphate glass blend. Notice 
the amount of interconnecting glass fibers in the material taken from the 295j...lm sieve (top), 
and the amount of glass fibers present in the material taken from the 53j...lm sieve (bottom). 
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fact, most of the fibers, and none of the spheres that were analyzed contained large amounts 
of phosphorous. The material taken from the smallest size distribution consisted of PE 130 
whiskers and spheres, as well as small groups of phosphorous fibers (see Figure 3.30). 
To determine particle sizes within each large distribution, the image analysis program 
NIH IMAGE 1.52 was used. The NIH IMAGE 1.52 program counts the number of particles 
in a SEM image and determines the average particle size for the image. Four images from 
four size distributions were used to determine the average particle size. The image analysis 
was not completed for the 295/lm - 600/lm size distribution because of there were no singular 
particles in this size range. Surprisingly, for both materials the size of the particles did not 
vary much within each size distribution. For example, the mean particle size for the 53/lm to 
106/lm size distribution was 59.5/lm while the particle sizes ranged from 53/lm to 64/lm. 
The data obtained from the image analysis is shown in Table 3.6. 
Table 3.6. NIH IMAGE 1.52 analysis on the size distribution mean particle size. 
Size Image #1 Image #2 Image #3 Image #4 1 Mean 
Distribution (/lm) (/lm) (/lm) (/lm) ! Particle Size 
150 - 295/lm 162.5 161.0 166.0 164.8 1163.8/lm 
106 -150 /lm 120.2 139.0 124.4 132.6 \129.1 /lm 
53 -106/lm 64.0 62.8 53.2 55.1 !59.5/lm 
< 53/lm 50.2 36.6 34.4 36.8 1 39.5 /lm 
3.6.3. Statistical Analysis 
Statistical analysis was completed to determine the optimum temperature and stream 
size required to produce the highest amount of smaller particles «53/lm) for both PE 130 and 
PE 520. This was done using E-Chip software. E-Chip is a statistical design program that 
can be used to determine the optimum parameters from a given data set. The temperature and 
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stream size for each atomization run as well as the values for the five weight percents were 
analyzed. The E-Chip program used a partial cubic equation shown below to determine the 
interactions between the stream size, atomization temperature, and weight percent for each 
atomization run. 
Where: 
Yl = a1 + a2T + a3S + a4TS + a5T2 + ~S2 + a7TS2 + agT2S + ~T3 
Y2 = a1 + a2T + a3S + a4TS + a5T2 + ~S2 + a7TS2 + agT2S + ~T3 
Y3 = a1 + a2T + a3S + a4TS + a5T2 + a6S2 + a7TS2 + agT2S + ~T3 
Y4 = a1 + a2T + a3S + a4TS + a5T2 + a6S2 + a7TS2 + agT2S + ~T3 
Y5 = a1 + a2T + a3S + a4TS + a5T2 + ~S2 + a7TS2 + agT2S + ~T3 
T = atomization temperature 
S = stream size 
Yl = weight percent for <53J..lm 
Y2 = weight percent for 53 J..lm to 106J..lm 
Y3 = weight percent for 106J..lm to 150J..lm 
Y4 = weight percent for 150J..lm to 295J..lm 
Y5 = weight percent for 295J..lm to 600J..lm 
(3.3) 
The data were analyzed to determine a maximum value for Yl. The results showed 
that the optimum parameters to produce a maximum value for Y1 were to atomize PE 130 
using a 0.125 in. stream at 205°C (see Figure 3.31). The results showed that a maximum 
weight percent of 14.64% could be attained for Yl by using these input parameters. 
The results obtained from the statistical analysis correlated directly to the atomization 
results. The maximum weight percent for Yl obtained from the atomization results was 
13.3%. This was obtained by atomizing PE 130 in a 118 in. stream at 205°C. 
3.7. High Speed Movie 
A high speed movie was taken of the atomization process at a frame rate of 3000 
frames per second. PE 520 was atomized first using the 118 in. gutter pour tube. 
Surprisingly, initial break up of the molten stream of PE 520 occurred 3/4 in. beneath the 
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Figure 3.31. Above are contour plot (top) and 3-dimensional plot (bottom) showing the 
optimum input parameters obtained from the statistical analysis. The E-Chip optimum input 
parameters shown above are consistent the results obtained from atomization runs. 
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bottom of the pour tube (see Figure 3.32). After the initial break up the material, the 
atomization dynamics occurred as described in the previous experimental section with a 
radial flow of the molten polymer occurring at the base of the pour tube. As expected, the 
gutters reduced the magnitude of the oscillating density gradient that occurs when using the 
HPGA nozzle. Another movie was taken of PE 520 atomized using the 118 in. flat bottomed 
pour tube. The initial break up of the molten stream again occurred 3/4 in. beneath the 
bottom of the pour tube followed by the radial flow atomization, but during the atomization 
process the oscillating density gradient returned. 
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t= 0 sec. 
t=0.00067 t = 0.0010 
Figure 3.32. A series of consecutive frames taken from the high speed movie of atomized 
PE 520. The movie was taken at a speed of 3000 frames per second. The molten stream of 
PE 520 becomes a full spray of polymer powders and fibers in 0.001 seconds. 
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4. DISCUSSION 
4.1. Thermal Analysis 
The results from the differential scanning calorimetry CDSC) revealed differences in 
the behavior of atomized and unatomized materials. The heat of fusion value for the 
atomized materials were lower than that of the unatomized materials. A required amount of 
energy must be absorbed to turn a semicrystalline polymer into an amorphous polymer upon 
heating. Thus, a more crystalline polymer would require more energy to become disordered. 
A lower heat of fusion for the atomized materials can be directly attributed to less order 
within the polymer structure, a lower percent crystallinity. This can be attributed to the 
quenching that occurs when the molten polymer comes in contact with the atomization gas. 
The percent crystallinity of a polymer can drastically decrease when it is quenched [30]. The 
amount of this decrease depends on the temperatures of both the melt and the atomization 
gas. If the quench is cold enough to decrease the temperature of the material at a high rate, 
the material is not able to form as many spherulites as before [10]. These spherulites make 
up the crystalline structure within the PE material. Therefore, fewer spherulites means a 
lower percent crystallinity. By heating the material to elevated temperatures the rate at which 
the material cools is slower, allowing more spherulites to form, and thus, increasing the 
percent crystallinity. Since the atomization gas temperature is held constant, the percent 
crystallinity was determined for material atomized at both 170°C and 220°C to determine the 
effect of quenching on the percent crystallinity. 
The low percent crystallinity values obtained from the heat of fusion data for the 
atomized materials were consistent with the heat of crystallization values also obtained from 
the DSC. The heat of crystallization is the energy required to restore the crystalline 
structures to a material. Thus, a less crystalline material would require a lower heat of 
fusion. The heat of crystallization values for the materials atomized at both 170°C and 
220°C were ten to twenty percent lower than those for the unatomized materials. The percent 
crystallinity values obtained for the material atomized at 170°C were slightly lower than 
those for the material atomized at 220°C. Therefore, it can be stated that although quenching 
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causes some decrease in the percent crystallinity of the atomized materials, the dynamics of 
the atomization process also contributes to the lower percent crystallinity of the atomized 
materials. 
The density of the atomized materials can also be directly related to the percent 
crystallinity by equation 3.2. Since the densities of the 100% crystalline material and the 
100% amorphous material are constant, as the percent crystallinity decreases, due to 
both quenching and atomization, so must the density of the semi crystalline material. 
Therefore, not only does the atomization process lower the percent crystallinity of a material, 
it lowers the density as well. The decrease in density due to atomization can be compared to 
the prior working of a polymer melt which causes partial disentanglement of the polymer 
network structure, thus changing its density [24]. 
4.2. Rheological Analysis 
The data obtained from the Rheometrics Dynamic Stress Rheometer provided some 
insight to the differences between the atomized and unatomized materials. The viscosity 
values obtained from the steady stress sweep showed that the viscosity of the atomized 
materials was lower than that of the unatomized material at the same temperature. The Mark-
Houwink -Sakurada equation (equation 3.1) can be used to relate the viscosity of a material to 
the viscosity average molecular weight. From this relationship we can say that by atomizing 
a material we are not only lowering its viscosity, we are also lowering its molecular weight. 
Therefore, the dynamics of the atomization process cause the long molecular chains of the 
polymer to break during atomization, thus creating shorter chains of low masses. This finding 
is consistent with the molecular dynamics simulation of polymer flow in nano-channels [31]. 
The results from the dynamic testing which was completed using the DSR, will be useful to 
assess the ability of the current GAP system to atomize higher viscosity materials. The 
dynamic testing gives material information on molecular relaxation times which will be 
important when atomizing these materials [24]. 
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4.3. Atomization Results 
In the previous two sections the effects of the atomization process on the percent 
crystallinity and molecular weight of the polymers were discussed. Here we will answer the 
question of why does stream size and temperature affect the atomization results. Another 
major question to be answered is, "Why do materials atomize differently?" and "What is the 
key material property that creates the difference?". 
The initial stream size we used was the 3/16 in. pour tube. This value was taken 
directly from high pressure gas atomization (HPGA) of metals. The 3/16 in. pour tube 
allowed us to determine the feasibility of HPGA of polymers. The process dynamics, 
however, create a density gradient within the stream [6]. This density gradient, we thought, 
could possibly be attributed to the formation of spheres on one side of the stream while the 
other side was producing fibers. By using smaller pour tube sizes we hoped to lessen, if not 
eliminate, this density gradient. The 118 in. pour tube worked well in eliminating many of 
the fibers, but the 1116 in. pour tube produced even more fibers. The reason for the large 
amount of fibers produced by the 1116 in. stream is that the melt stream is too small to flow 
out radially in an even manner. Therefore, there are thin areas within the pool that when 
contacted by the supersonic gas do not carry enough mass to form into spheres, so they form 
fibers instead. 
The temperature window in which the material can be atomized greatly limits the 
range of the GAP process. The material must be heated to a temperature high enough to 
avoid freeze-up within the pour tube yet below its initial degradation temperature. Although 
a significant amount of the melt is atomized when it comes in contact with the supersonic gas 
flow, further disintegration and refinement occurs along the trailing shear boundary layer 
created by the supersonic gas (see Figure 2.12) [6]. Since the molten polymer can only be 
atomized within a small temperature range, much of the material freezes upon initial contact 
with the atomization gas. Thus, the shock-enhanced disintegration is not able to refine most 
of the polymer powders. This is supported by the high speed movie which shows that the 
material freezes instantly when it comes in contact with the atomization gas. The amount of 
refinement increases with increasing temperature up to the initial degradation temperature. 
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At higher temperatures, more material remains in the molten state after initial contact with 
the atomization gas and, therefore, secondary disintegration and refinement can occur. This 
explains why the most favorable atomization results for PE 130 and PE 520 occurred at 
temperatures near the initial degradation temperature for each material. 
The physical properties for PE 130 and PE 520 shown earlier in Table 2.1, show that 
the higher density of PE 130 is a important variable as to why PE 130 atomizes more 
favorably. Along with a higher density, PE 130 has a higher percent crystallinity than PE 
520. These are two important factors that effect the break up dynamics of the GAP process. 
A denser material is more likely to remain together when it disintegrates into the lowest free 
surface energy structure, a sphere. A less dense material would be more likely to be pulled 
and drawn into fibers. The waxy nature ofPE 520 that makes it impossible to grind, causes it 
to be freely drawn into fibers during atomization under certain conditions. 
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5. CONCLUSIONS AND FUTURE WORK 
The current gas atomization of polymers process can be used to produce high-quality 
powders from low viscosity PE based materials within the size range of 1 0-200~m. The 
process avoids the difficulties of mass-producing powders from polymers. Unlike 
commercially ground powders, the gas atomization of polymers (GAP) process can be 
tailored to produce powders with specific particle shape, size, and size distribution for 
numerous applications. The sphere/fiber morphology of the atomized material is an 
advantageous combination for solid state compaction due to the increased number of contact 
points as well as the self-reinforcing effect of high aspect ratio fibers [3]. 
The main objectives of this research are shown below with their key conclusions. 
• To develop a method for the high pressure gas atomization of polymers. 
A method for the high pressure gas atomization of polymers was designed, 
developed, and is operational. A patent on the process has been applied for. The gas 
atomization of polymers (GAP) process is capable of atomizing not only polymeric 
materials, but inorganic glasses and glass/polymer blends as well. 
• To optimize the process control variables. 
A number of atomization runs were completed and statistically analyzed. The 
optimum control variables were determined from the statistical analysis and were 
consistent with the atomization results. It was found that atomizing the material just 
below its initial degradation temperature produced the most favorable size 
distributions for both PE 130 and PE 520. It was also found that atomizing the 
material using the 118 in. gutter pour tube produced the most favorable size 
distributions as well. The results of the statistical analysis showed that the stream size 
had a greater influence on the size distribution than the atomization temperature. 
• To determine the physical properties of the polymers before and after atomization. 
The thermal and rheological properties of the material were determined both 
before and after atomization. The atomized materials experienced a drop in percent 
crystallinity and density. This was due to quenching as well as the dynamics of the 
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atomization process. It was also detennined that the molecular chains of the polymer 
are broken during atomization, thus creating a lower molecular weight material. 
• To determine the size, size distribution, and shape of the polymer powders. 
The particle size and size distribution was detennined from particle sieving. The 
particle shape was detennined by scanning electron microscopy (SEM). The particle 
size distribution and the particle shape were found to be highly dependent on both the 
atomization pressure and temperature, as well as the stream size. Sphere to fiber 
ratios were detennined for each size distribution and were found to be dependent on 
pour tube size and configuration. 
Future work will include the atomization of the higher molecular weight, higher 
viscosity materials. The molecular weights ofPE 130 and PE 520 are 2000 g/mol. and 3000 
g/mol. respectively. These values are relatively low for polymers. Typical synthetic 
polymers range in molecular weight from 10,000 - 1,000,000 g/mol. [1]. The ability to 
atomize HDPE, or eventually UHMWPE, will make this a very attractive process to all 
polymer manufacturers. Off-line testing must be done with a capillary rheometer in order to 
detennine the pressures needed to atomize the higher viscosity materials (OPTEMA, HDPE, 
LDPE). The viscosity is a function of both temperature and pressure. The viscosity of a 
material decreases with increasing temperature, and increases with increasing pressure. The 
change in the viscosity is dependent on the free volume fraction of the material. As the 
pressure is increased the occupied and unoccupied volume within the polymer compress at 
different rates [32]. This infonnation is vital in detennining whether the current unit can 
achieve the parameters needed to atomize these materials due to the viscosity/pressure 
relationship. One of the main parameters controlling the break up of non-Newtonian fluids is 
the viscoelasticity of the fluid, which along with the elongational flows prevalent in these 
materials, must be taken into account when detennining the ability of these materials to be 
atomized [33,34]. Replacing the crucible with an extruder is one viable option to be 
discussed, but this is a matter of further investigation. The ability to recycle polymers, by 
means of atomization will make the process even more advantageous. The future of gas 
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atomization of polymers looks promising, but remains a fruitful topic of polymer processing 
research and development. 
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APPENDIX 
The atomization results shown below were used for the statistical analysis. The 
values for Xl and X2 were the control variables and are in terms of degrees Celsius and 
inches, respectively, while the values of Y1 through Y5 were the response variables and are 
in terms of weight percent. (Replicate runs were used to improve the quality of the statistical 
analysis). 
Atomization results for PE 130 atomized using the 1116 in. (0.0625 in.) pour tube. 
Run Xl X2 Yl Y2 Y3 Y4 Y5 
No. Temp. Stream 0-53p,m 53-l06p,m 106-150p,m l50-295p,m 295-600p,m 
DC (in.) 
1 180 0.0625 9.2 13.6 9.2 13.9 54.1 
2 195 0.0625 10 13.9 9.8 13.9 52.3 
3 195 0.0625 10.3 14.8 10.7 14.5 49.7 
4 205 0.0625 8.1 10.7 8.6 14.7 57.9 
5 210 0.0625 8.5 11.5 8.0 16.0 55.2 
6 220 0.0625 8.2 12.6 9.1 14.0 56.1 
Atomization results for PE 130 atomized using the 118 in. (0.125 in.) pour tube. 
Run Xl X2 Yl Y2 Y3 Y4 Y5 
No. Temp. Stream 0-53p,m 53-l06p,m 106-l50J.lm l50-295J.lm 295-600J.lm 
DC (in.) 
1 170 0.125 6.5 18.0 17.5 38.9 19.1 
2 175 0.125 9.9 20.8 17.9 32.0 19.4 
3 180 0.125 6.9 21.5 18.2 37.7 15.7 
4 185 0.125 9.1 23.1 18.2 32.6 16.6 
5 190 0.125 11.7 27.7 21.9 27.3 11.4 
6 195 0.125 11.2 31.8 17.9 22.6 16.5 
7 205 0.125 13.3 25.1 18.3 27.0 16.3 
8 205 0.125 12.0 25.8 16.1 30.4 15.7 
9 210 0.125 10.5 28.8 16.7 31.3 12.7 
10 215 0.125 11.3 26.1 19.5 29.6 13.5 
11 220 0.125 10.3 20.7 14.7 32.5 21.8 
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Atomization results for PE 130 atomized using the 3/16 in. (0.1875 in.) pour tube. 
Run Xl X2 Yl Y2 Y3 Y4 Y5 
No. Temp. Stream 0-531lm 53-l061lm 106-l501lm l50-2951lm 295-6OOllm 
DC (in.) 
1 170 0.1875 4.4 12.1 13.2 41.1 29.2 
2 175 0.1875 5.3 11.4 14.5 40.6 28.2 
3 180 0.1875 6.0 15.5 15.2 37.9 25.4 
4 185 0.1875 6.3 18.0 16.7 37.6 21.4 
5 190 0.1875 8.0 18.2 18.4 37.7 17.7 
6 195 0.1875 8.8 21.1 18.8 36.1 15.2 
7 200 0.1875 9.5 23.9 20.7 34.6 11.3 
8 200 0.1875 10.2 26.3 19.9 31.4 12.2 
9 205 0.1875 8.7 20.2 18.8 35.1 17.2 
10 210 0.1875 6.3 16.6 15.8 38.1 23.2 
11 210 0.1875 5.1 12.6 13.1 40.0 29.2 
12 215 0.1875 7.8 17.0 16.6 38.0 20.6 
13 220 0.1875 9.7 21.2 18.2 36.8 14.1 
Atomization results for PE 520 atomized using the 1116 in. (0.0625 in.) pour tube. 
Run Xl X2 Yl Y2 Y3 Y4 Y5 
No. Temp. Stream 0-531lm 53-l061lm 106-l501lm l50-2951lm 295-6OOllm 
DC (in.) 
1 170 0.0625 3.5 2.6 5.0 7.8 81.1 
2 185 0.0625 3.3 1.1 2.2 7.0 86.5 
3 205 0.0625 3.4 2.9 4.6 9.2 79.9 
4 220 0.0625 4.4 2.6 4.0 8.6 80.4 
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Atomization results for PE 520 atomized using the 1/8 in. (0.125 in.) pour tube. 
Run Xl X2 Yl Y2 Y3 Y4 Y5 
No. Temp. Stream 0-531lm 53-l061lm 106-l501lm l50-2951lm 295-6OOllm 
°C (in.) 
1 170 0.125 1.1 5.2 7.3 40.6 45.8 
2 175 0.125 1.0 7.2 8.9 41.4 41.5 
3 180 0.125 1.1 6.3 8.2 40.6 43.8 
4 185 0.125 1.0 6.1 8.6 39.0 45.3 
5 190 0.125 1.1 8.7 10.3 40.8 39.2 
6 195 0.125 0.9 7.3 10.1 42.7 39.0 
7 200 0.125 0.9 7.1 10.6 43.5 37.9 
8 205 0.125 0.9 8.4 11.2 43.5 36.0 
9 210 0.125 1.0 12.5 15.6 42.3 28.6 
10 215 0.125 1.0 11.3 14.4 41.4 31.9 
11 220 0.125 2.4 19.2 16.8 35.7 25.9 
Atomization results for PE 520 atomized using the 3116 in. (0.1875 in.) pour tube. 
Run Xl X2 Yl Y2 Y3 Y4 Y5 
No. Temp. Stream 0-531lm 53-l061lm 106-l501lm l50-2951lm 295-6OOllm 
1 170 0.1875 0.9 5.4 7.9 37.1 48.7 
2 175 0.1875 1.5 5.2 8.4 38.0 46.9 
3 180 0.1875 1.3 6.8 10.5 41.4 40.0 
4 185 0.1875 1.3 6.6 9.4 41.1 41.6 
5 190 0.1875 1.4 6.1 9.7 38.8 44.0 
6 195 0.1875 1.4 9.0 11.3 37.7 40.6 
7 200 0.1875 1.5 8.0 10.2 40.9 39.4 
8 205 0.1875 1.7 7.9 10.4 39.8 40.2 
9 210 0.1875 1.5 8.2 11.1 39.4 39.8 
10 215 0.1875 1.4 8.4 10.9 40.5 38.8 
11 220 0.1875 2.0 11.5 13.2 35.6 37.7 
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The following atomization results were not used to determine the optimum control 
parameters. These include the atomization runs completed using the 118 in. gutter pour tube 
and the atomized blends. 
Atomization results for PE 130 atomized using the 118 in. (0.125 in.) gutter pour tube. 
Run Temp. Stream 0-53Jlm 53-106Jlm lO6-150Jlm 15O-295Jlm 295-600Jlm 
No. °C (in.) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) 
1 170 0.125 3.9 12.6 12.3 39.6 31.6 
2 185 0.125 5.9 23.0 12.6 40.5 18.0 
3 205 0.125 12.8 33.2 18.8 23.2 12.0 
4 220 0.125 10.9 25.5 17.1 33.2 13.3 
Atomization results for PE 520 atomized using the 118 in. (0.125 in.) gutter pour tube. 
Run Temp. Stream 0-53Jlm 53-106Jlm lO6-150Jlm 15O-295Jlm 295-600Jlm 
No. °C (in.) (Wt.%) (Wt.o/o) (Wt.%) (Wt.%) (Wt.%) 
1 170 0.125 1.6 4.6 6.9 38.0 48.9 
2 185 0.125 1.5 6.6 8.8 40.8 42.3 
3 205 0.125 1.9 11.8 15.5 43.2 27.6 
4 220 0.125 6.5 11.3 18.6 43.1 20.5 
Atomization results for a PE 1301PE 520 blend atomized using the 118 in. (0.125 in.) gutter 
pour tube. 
Run Temp. Stream 0-53Jlm 53-106Jlm lO6-150Jlm 15O-295Jlm 295-600Jlm 
No. °C (in.) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) 
1 170 0.125 7.5 19.4 11.1 30.0 32.0 
2 185 0.125 3.5 11.1 11.2 40.1 34.0 
3 205 0.125 5.8 24.3 16.4 34.6 18.1 
4 220 0.125 9.0 22.8 18.0 32.0 18.2 
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Atomization results for a PE 
(0.1875 in.) pour tube. 
130/phosphate glass blend atomized using the 3116 in. 
Run Temp. Stream 
No. °C (in.) 
1 205 0.125 
0-531lm 
(Wt.%) 
12.1 
53-1061lm l06-150llm 
(Wt.%) (Wt.%) 
23.6 17.3 
150-2951lm 
(Wt.%) 
29.7 
295-600llm 
(Wt.%) 
17.3 
Atomization results for PE 520 atomized using the 118 in. (0.125 in.) gutter pour tube off-
line with the gas jets of the atomization nozzle. 
Run Temp. Stream 0-531lID 53-106)lm 
No. °C (in.) (Wt.%) (Wt.%) 
1 220 0.125 3.5 7.6 
l06-150IlID 
(Wt.%) 
10.3 
150-295)lID 
(Wt.%) 
37.6 
295-600IlID 
(Wt.%) 
41.0 
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